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a  b  s  t  r  a  c  t
The  N-methyl  d-aspartate  receptors  (NMDARs)  mediating  Ca2+ uptake  upon  stimulation  with  gluta-
mate  and  glycine  were  recently  discovered  in  red blood  cells  (RBC)  of  healthy  humans.  Activation  of
these  receptors  with  agonists  triggered  transient  Ca2+-dependent  decrease  in  hemoglobin  oxygen  afﬁn-
ity in  RBC  suspension.  The  aim  of this  study  was  to assess  the  potential  physiological  relevance  of  this
phenomenon.  Two  groups  formed  by either  healthy  untrained  volunteers  or  endurance  athletes  were
subjected  to a  stepwise  incremental  cycling  test  to  exhaustion.  Plasma  glutamate  levels,  activity  of  the
NMDARs,  and  hemoglobin  O2 afﬁnity  were  measured  in blood  samples  obtained  before  and  after  the
exercise  in  both  groups.  Increase  in  plasma  glutamate  levels  following  exercise  was  observed  in both
groups.  Transient  Ca2+ accumulation  in  response  to the NMDAR  stimulation  with  NMDA  and  glycine  was
followed  by facilitated  Ca2+ extrusion  from  the  RBC  and compensatory  decrease  in cytosolic  Ca2+ levels.
Short-term  activation  of the receptors  triggered  a  transient  decrease  in O2 afﬁnity  of hemoglobin  in both
groups.  These  exercise-induced  responses  were  more  pronounced  in  athletes  compared  to the  untrained
2+subjects.  Athletes  were  initially  presented  with  lower  basal  intracellular  Ca levels  and  hemoglobin  oxy-
gen  afﬁnity  compared  to non-trained  controls.  High  basal  plasma  glutamate  levels  were  associated  with
induction  of  hemolysis  and  formation  of  echinocytes  upon  stimulation  with  the receptor  agonists.  These
ﬁndings  suggest  that  glutamate  release  occurring  during  exhaustive  exercise  bouts  may  acutely  facilitate
O2 liberation  from  hemoglobin  and  improve  oxygen  delivery  to  the  exercising  muscle.
©  2016  The  Author(s).  Published  by  Elsevier  Ltd.  This  is  an open  access  article  under  the  CC  BY-NC-ND. Introduction
Acute endurance training bouts induce transient alterations
n hematocrit and properties of red blood cells (RBCs). Multiple
tudies report acute dynamic changes of plasma volume, pH and
smolarity caused by an exhaustive exercise episode. Increase
Abbreviations: RBC, red blood cells; NMDARs, N-methyl-d-aspartate receptors;
CV, mean cell volume; Gly, glycine; Glu, glutamate; GSH, reduced glutathione;
SSG, oxidized glutathione.
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in total hemoglobin concentration associated with training to
exhaustion was  caused by dehydration (e.g. [1–4]). Acute tran-
sient changes in plasma composition associated with water loss
impact RBC volume. Reports on the direction of these changes are
contradictory ranging from post-exercise RBC swelling presumably
associated by acidosis [3] to a decrease in mean cell volume [4].
Furthermore, single episodes of endurance training are known to
cause premature loss of RBCs as mild hemolysis was  observed dur-
ing endurance exercise in some but not all sport disciplines [5]. It
was suggested that hemolysis is caused by the mechanical contact
of feet with the ground (foot strike). However, hemolytic events
were also observed in swimmers [6], as well as in runners, but not
in cyclists [5]. Regular training also affects RBC properties. In par-
ticular, facilitated RBC loss along with the stimulation of de novo
e under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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Table 1
Study participants indices.
Athletes Controls p-value
Sex (m/w) 6/6 6/6 n.a.
Age  (years) 24 ± 5 25 ± 3 0.73
Heigth (cm) 176 ± 10 173 ± 9 0.52
Body mass (kg) 65 ± 10 69 ± 12 0.41
BMI  (kg/m2) 21 ± 1 23 ± 3* 0.0436 A. Makhro et al. / Cell 
roduction of RBC is triggered already within two days after the
nset of training giving rise to a younger population of RBC in
rained amateur sportsmen and professional athletes [7]. A single
raining bout may  cause alterations in RBC deformability. Notably,
hese responses are discipline-dependent with both reduction in
eformability and increase in RBC rigidity reported for different
ypes of exercise (e.g. [8]).
In an attempt to unravel the mechanisms of mean cell volume
egulation during exercise, RBC collected from subjects at rest were
xposed to plasma obtained from identical persons during the exer-
ise. This manipulation resulted in the stimulation of both passive
+ loss and active K+ re-uptake by the Na,K-ATPase [9] that was not
elated to adreno-stimulation or acidosis. The factors secreted into
he circulation during the exercise in control of these ion move-
ents have never been identiﬁed.
Apart from the compound(s) released into the circulation dur-
ng the training bout, exercise is associated with exposure of the
irculating RBC to facilitated shear and oxidative stresses. Oxida-
ive burst is always associated with exercises [10]. Free radicals are
enerated by the exercising muscles [11] and by partially deoxy-
enated RBCs themselves [12].
What are the factors involved in exercise-induced responses
f RBC? Are any of those changes adaptive? May  these exercise-
nduced responses of RBC be a manifestation of cell damage? And
hat are the triggers and master regulators of these responses?
xidative and advanced shear stresses are the two  factors that
ause alterations in RBC membrane structure and properties. Shear
tress was reported to trigger Ca2+ uptake [13] and induce NO pro-
uction in human RBCs [14]. Recent progress in characterization of
he conductive Ca2+ pathways in the RBC membrane suggests that
a2+ plays a role of a second messenger responding to both stim-
li. Mechano-sensitivity of PIEZO1 ion channels mediating Ca2+
ptake into human RBC [15–17] is widely discussed. There are some
ndications for mechano-sensitivity of yet one more ligand-gated
a2+ channel in RBCs, erythroid N-methyl d-aspartate receptors
NMDARs) [18]. These receptors are also sensitive to the alterations
n redox state [19]. Acute transient increase in the intracellular
ree Ca2+ occurring upon supplementation of the NMDAR ago-
ists was reported to facilitate oxygen release from hemoglobin in
hear stress-free RBC suspension [20]. Whether these ﬁndings are
f physiological relevance and whether erythroid NMDAR activa-
ion actually occurs in RBCs passing through the muscle capillaries,
emains unclear. Intensive shear conditions created within the
ntramuscular capillary circuit during exhaustive exercise bouts
ould contribute to the activation of one or both types of Ca2+
hannels. Furthermore, exercising muscles are a potential source of
lasma glutamate. Concentration of this amino acid in the muscle
xceeds the one in plasma by more than 200-fold [21] and micro-
upture would result in glutamate leakage into the circulation.
When occurring during exercise, transient Ca2+ uptake pulses
ill hit multiple downstream targets in RBC. Those include
rythroid NADPH oxidases [22] and endothelial NO synthase
18,20,23]. Both enzymes respond to an increase in Ca2+ with acti-
ation and a burst of O2• − and NO production. Long-term effects of
epeated cycles of Ca2+ accumulation/extrusion in RBC of athletes in
he course of regular training sessions will then include repeated
xidative bursts and progressive proteolytic cleavage of multiple
argets by the Ca2+-dependent protease -calpain [24]. Both oxida-
ion and proteolysis are increased during exercise [25]. However,
he impact of Ca2+-homeostasis in RBCs into these processes has
ever been evaluated.
The present study was designed to monitor the effect of an acute
raining bout performed by endurance athletes and control sub-
ects with moderate basal level of physical activity on the plasma
mino acids’ composition, special attention paid to glutamate lev-
ls. Activity of the erythroid NMDARs (Ca2+ uptake and the numberPmax (W/kg) 5,2 ± 0,5 3,5 ± 0,7** <0.01
BMI  = body mass index; Pmax = maximal anaerobic power.
of receptors active in contact with autologous plasma) was assessed
before and after the training in both groups and related to the basal
intracellular Ca2+ levels in RBCs and total number of NMDARs per
cell available for activation. We  furthermore detected basal P50 of
hemoglobin in RBCs collected before and after the training as well
as the changes in O2 afﬁnity of hemoglobin upon maximal NMDAR
stimulation with agonists of the receptors. The obtained results
support our hypothesis on the impact of endurance exercises on
the intraerythrocytic Ca2+ levels. Alterations of plasma glutamate
levels along with facilitated Ca2+ uptake by the NMDARs in cells of
athletes caused by the exercise bout point to the potential partici-
pation of glutamate and the erythroid NMDARs in exercise-induced
alterations of RBC properties in humans.
2. Materials and methods
2.1. Participants
12 elite endurance athletes (6 males, 6 females; 10 triathletes,
2 cyclists) as well as 12 age- and sex-matched, moderately active
controls were recruited. All athletes compete on an international
level and were mostly recruited at the Olympic training center Saar-
brücken. Two  of the study subjects participated in the 2012 Olympic
games. Controls were matched for sex and age (±2 years) and are
engaged in recreational physical activities only. Subject character-
istics are summarized in Table 1.
All subjects gave written informed consent prior to partici-
pation. The study was approved by the local ethics committees
(Ärztekammer des Saarlandes; ID 115/12).
2.2. Blood sampling
Participants reported to the laboratory between 8 and 10 a.m.
after abstaining from physical exercise for at least 36 h. A fasting
period was not required to enable the recruitment of elite athletes.
After a supine rest period of 10 min  venous blood samples were
collected from the antecubital vein by standard techniques. Post-
exercise blood samples were collected in the same way 30 min  after
cessation of exercise. All blood samples were processed immedi-
ately.
2.3. Exercise testing protocol
An exhaustive, stepwise exercise test was conducted on a
calibrated cycle ergometer (Excalibur Sport, Lode B.V., Gronin-
gen, Netherlands). Initial load was  50 W for women and 100 W
for men. Step duration and increment were 3 min  and 50 W,
respectively. Verbal encouragement was  given to all subjects dur-
ing the ﬁnal stages of the exercise test. Capillary blood samples
for the determination of blood lactate concentration were taken
from the hyperemizied earlobe at rest, during the last 15 s of
each step as well as 30 min  after cessation of exercise. Sam-
ples were immediately hemolyzed and analysis carried out using
an enzymatic-amperometric system (Super GL,  Greiner, Flacht,
Germany).
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Objective criteria of exhaustion (maximal blood lactate concen-
ration of >8 mmol/l and maximal heart rate of >200-age (years))
ere met  by all subjects.
.4. Timing of detection of various blood parameters
Conventional blood cytology and biochemistry analyses were
erformed immediately after blood collection. Plasma was  col-
ected immediately upon blood sampling and stored for amino acid
nalysis. Ca2+ uptake by RBC and blood rheology were assessed
n the day of blood collection. Determination of the number of
eceptors ([3H]-MK-801 binding assay), reduced and oxidized glu-
athione, annexinV binding, the number of CD71-positive cells,
nd the effect of glutamate/NMDA on the hemoglobin oxygen
fﬁnity was performed 12–24 h after withdrawal, time required
or a courier delivery of samples from Saarland University to the
urich University (shipment temperature within 10–20 ◦C, dura-
ion 12–24 h). Effects of transportation on the parameters we were
easuring were studied prior to this study and taken into consid-
ration when interpreting the obtained results.
.5. Plasma amino acid measurements
Plasma amino acids were measured by AccQ-Tag and MassTrak
unning on an ACQUITY UPLC® System (Waters) at the Functional
enomics Centre Zurich.
.6. Intracellular Ca2+ monitoring using microﬂuorescence assay
Intracellular Ca2+ measurements were performed within the
rst six hours after blood withdrawal by imaging intracellular
a2+ using the ﬂuorescent Ca2+ indicator Fluo-4 [26]. RBC were
oaded with 5 M Fluo-4 (Life Technologies, Darmstadt, Germany)
or 1 h at 37 ◦C. Fluo-4-loaded RBCs were plated onto coverslips
nd 15 min  were allowed for cell sedimentation and dye de-
steriﬁcation. Fluorescence was measured as previously described
27] with the following adaptations: Cells were placed on an
nverted microscope (TE2000, Nikon, Tokyo, Japan) equipped with a
0x Plan Apo 1.4 objective. A video-imaging device (TILL Photonics,
unich, Germany) was attached to the microscope and contained
 monochromator (Polychrome IV), a camera (Imago), the imag-
ng control unit and acquisition software (TILL-LA). Fluorescence
ntensity in RBC was recorded for 1 min  in Tyrode solution contain-
ng (in mM):  135 NaCl, 5.4 KCl, 10 glucose, 1 MgCl2, 1.8 CaCl2 and 10
EPES. The pH was adjusted to 7.35 using NaOH to get the baseline
alues. Then 300 M NMDA and 100 M Glycine (NMDA/Gly) was
dded by the perfusion system and recorded for another 14 min.
mages were analysed on a cell based ﬁtting algorithm as recently
eported [28] starting with the deﬁnition of regions of interest in
mageJ (Wayne Rasband, National Institute of Mental Health), and
he resulting traces were further processed by IGORpro software
WaveMetrics Inc., USA) and custom-developed macros. Intracel-
ular Ca2+ was shown to be stable over 24 h of shipment at room
emperature.
.7. Rheometrical measurement to test for alteration in RBC
ggregability
Rheological measurements of whole blood were performed as
reviously described for RBC suspensions in dextran solutions [29].
xperiments were carried out using a commercial constant shear
heometer Mars II, Thermo Scientiﬁc, Karlsruhe, Germany equipped
ith a cone-plate geometry (diameter: 60 mm,  angle: 1 u) at a tem-
erature of 23 ◦C. Samples were pre-sheared at 100 s−1 for one
inute to homogenise the samples, limit sedimentation and obtainm 60 (2016) 235–244 237
comparable initial conditions. Treatment with NMDA/Gly was per-
formed directly prior to the measurements. Paired Student’s t-test
following the normality test was used to assess the signiﬁcance
in the training-induced alterations in the groups of non-trained
subjects and athletes.
2.8. NMDAR activity in RBC fractions
Whole blood samples in duplicates (one control blood sam-
ple and one more supplemented with 300 M NMDA and
300 M Gly) were incubated with [3H]MK-801 (20 Ci/mmol;
Perkin Elmer, Schwerzenbach, Switzerland) at a concentration of
5 × 10−7 mmol/ml  (1 h, room temperature). Thereafter, both blood
samples were mixed with isotonic 90% Percoll solution and RBCs
fractionated according to their density by centrifugation in Percoll
density gradient at 45′000g for 30 min. Light (L), medium (M)  and
dense (D) fractions were collected as shown elsewhere [20]. Cells
forming these fractions were washed with calcium-free buffer con-
taining (mM):  145 NaCl, 5 KCl, 10 glucose, 0.1 EDTA, 10 Tris·HCl
(pH 7.4 room temperature) supplemented with 0.1% bovine serum
albumin. One part of the cell pellet was  then mixed with 30 parts
of the lysis buffer containing 25 mM NaH2PO4 and 1 mM EDTA (pH
7.0 at 0 ◦C) and incubated on ice for 30 min to achieve complete
hemolysis. Thereafter, RBC membranes were sedimented by cen-
trifugation (45′000g, 30 min  at 4 ◦C), membranes lysed in 10 ml of
Quicksafe A scintillation ﬂuid (Zinsser Analytic, UK) and radioactiv-
ity of the RBC membrane fractions assessed using Packard 1600TR
liquid scintillation analyzer. The number of [3H]MK-801 molecules
per RBC was  calculated according to the following equation:
N = Acells
Asp × NA × Ncells
where N is a number of [3H]MK-801 binding sites per cell,
Acells is radioactivity of membrane fraction in Bq corrected for
the non-speciﬁc binding (see below), Asp is speciﬁc activity of
[3H]MK-801 used for labelling Bq/mol, NA is the Avogadro constant
(6.022 × 1023 mol−1), and Ncells is a number of RBCs from which the
membranes were prepared.
Speciﬁcity of binding of [3H]MK-801 was  conﬁrmed by per-
forming the non-speciﬁc binding test in which the radiolabelled
antagonist was  allowed to bind to the cells in the presence of 1000-
fold excess of non-labelled MK-801 (or detailed information see
[23]). No changes in the number of NMDARs detected in RBCs with
the [3H]MK-801 binding assay were shown within 24 h of trans-
portation.
2.9. Morphological responses to the NMDAR stimulation
RBC were washed with the medium containing (mM)  145 NaCl,
5 KCl, 1.8 CaCl2, 0.1% bovine serum albumin (BSA), and allowed
to sediment at the glass bottom of the imaging chamber. Images
of RBCs were taken before and within 12 min after supplementa-
tion of stock solution of buffered mixture of glutamate and glycine
(30 mM  each) to reach a ﬁnal concentration of 300 M of each
amino acid. Images of cells were taken by Axiovert 200 M ﬂuores-
cence microscope (Zeiss) equipped with Axiocam camera and oil
emersion phase contrast ×100 objective.
2.10. Oxygen dissociation curve and P50 measurements
Hemox blood analyzer (TCS Scientiﬁc, New Hope, PA) was used
for monitoring of P50 in blood samples. Five microliters of packed
RBCs resuspended in buffer containing 145 mM NaCl, 5 mM KCl,
10 mM Imidazole-HCl (pH 7.40 at 37 ◦C), 10 mM glucose, 0.1 mM
EDTA, pH 7.4, 37 ◦C supplemented with 2 mM CaCl2 were added to
2 Calcium 60 (2016) 235–244
5
o
t
C
g
f
2
E
5
h
f
t
m
p
s
p
m
s
i
t
r
o
∼
w
2
a
g
ﬂ
r
#
m
m
c
m
j
c
F
t
3
3
g
s
b
a
f
m
p
i
w
m
l
a
i
a
t
t
Fig. 1. Plasma glutamate levels in blood of study participants (N = 19) before and
after the short exhaustive cycling bout. Each pair of symbols connected with the
line  represent single individual. Presented in red are data for female athletes, in38 A. Makhro et al. / Cell 
 ml  of buffer containing or free from the saturating concentrations
f NMDAR agonists (300 M NMDA and 100 M glycine), condi-
ions identical to the ones we have applied to assess the effects of
a2+ on O2 afﬁnity of hemoglobin in our earlier studies [23]. Oxy-
en dissociation curves were recorded at 37 ◦C and P50 calculated
rom them using Hemox Analytical Software (HAS).
.11. Intracellular glutathione content
Intracellular glutathione levels were measured in RBCs using
llmann’s reagent. Brieﬂy, 200 l of blood were added to 800 l of
% trichloracetic acid solution and stored in liquid nitrogen. Blood
ematocrit was measured in triplicates using capillaries and used
or normalization. Protein sediment was removed by centrifuga-
ion and the amount of reduced non-protein thiols was assessed by
ixing aliquots of supernatant with Ellmann’s reagent dissolved in
hosphate buffer and measuring extinction at 412 nm by Lambda
pectrophotometer (Perkin Elmer). In parallel samples were pre-
ared in which oxidized glutathione (GSSG) was reduced by a
ixture of glutathione reductase and NADPH. After the reduction
tep was completed the levels of non-protein thiols were measured
n these samples and GSSG levels calculated as a difference between
he GSH levels in sets of samples with and without glutathione
eductase supplementation. Earlier on we have shown that 24 h
f shipment cause a decrease in the intracellular GSH content by
35% (Makhro and Bogdanova, unpublished). This consideration
as taken into account when interpreting the obtained date.
.12. Detection of the number of reticulocytes, white blood cells
nd annexinV-positive cells
RBCs were ﬁxed in isotonic phosphate buffer containing 1%
lutaraldehyde and stained with the following antibodies and
uorescent markers. Mouse monoclonal antibody against transfer-
in receptor (CD71) conjugated to APC (eBiosciences/affymetrix,
17-0719-42) was used to assess the number of reticulocytes,
ouse monoclonal antibody against CD45 conjugated to PC7 (Beck-
an/Coulter, #IM35480) was used as a marker for white blood
ells. Phosphatidylserine exposure to the outer leaﬂet of plasma
embrane was detected by treating the cells with annexin V con-
ugated to eFluor 450 (eBioschence/affymetrix, #88-8006-74). All
ompounds were used in dilutions suggested by the companies.
low cytometry was used to assess the number of RBCs positive for
he markers.
. Results
.1. Effects of acute exercise on plasma amino acid composition
In both control group and athletes cycling exercise induced
lutamate release (Fig. 1), that was more pronounced in control
ubjects (Table 2). Increase in plasma glutamate did not differ
etween male and female study participants. Exercise was  associ-
ted with a 3.5% hemoconcentration (hemoglobin levels changing
rom 13.5 ± 1.1 g/dL before to 14.0 ± 1.3 g/dL after the exercise bout,
ean ± SD p = 0.000552). But, even when corrected for it (see the
ost-exercise values for amino acids’ concentrations in brackets
n Table 2), the signiﬁcance of alterations caused by the exercise
as preserved for all amino acids measured. Along with gluta-
ate, cycling to exhaustion caused an increase in plasma alanine
evels as well as in taurine and histidine, but only in plasma of
thletes. In plasma of control subjects glycine levels were insignif-
cantly lower after the exercise whereas a decline in plasma of
thletes was sounder and statistically signiﬁcant. In all subjects
he levels of glycine remained above the saturating threshold for
he NMDARs at baseline and after the exercise. Similar patternlight blue are the values for male athletes, violet and dark blue stand for female and
male untrained control subjects respectively. P value for the paired t-test (at rest vs
post-training) is shown.
was monitored for lysine and serine. In post-exercise plasma of
athletes post-exercise plasma histidine accumulation was  more
pronounced and statistically signiﬁcant. Decrease in plasma levels
of some essential amino acids including valine, isoleucine, leucine,
phenylalanine, and tryptophan was recorded after the training in
control group. In athletes, exhaustive cycling bout was  followed
by depletion of plasma ornithine, and threonine pools as well as
reduction in leucine and isoleucine levels whereas the changes of
phenylalanine and tryptophan were not statistically signiﬁcant.
3.2. NMDAR activity in RBCs before and after the exercises
Erythroid NMDARs are the targets for plasma-borne glutamate,
aspartate and glycine [20]. The changes in activity of erythroid
NMDARs following the exercise bout were assessed using microﬂu-
orescence live imaging and [3H]-MK-801 binding assay.
Basal Ca2+ levels in RBCs of untrained controls and athletes
loaded with Ca2+-sensitive dye Fluo 4-AM were detected at rest
(baseline) and after the exercise bout in the agonists-free Ca2+-
containing Tyrode solution. In addition Ca2+ uptake triggered by the
stimulation of NMDARs with saturating doses of speciﬁc agonists
NMDA (300 M)  and glycine (100 M,  NMDA/Gly) was  detected
at rest and post-exercise. RBCs of athletes contained signiﬁcantly
less free Ca2+ at rest as well as after the exercise than the cells
of untrained control subjects (Fig. 2A). Following the cycling bout
intracellular Ca2+ levels were decreased in both groups compared
to the values measured at rest (Fig. 2A). Maximal activation of the
NMDARs in RBC with NMDA/Gly triggered Ca2+ uptake manifested
as an increase in ﬂuorescence intensity (F) over the baseline levels
before the NMDAR stimulation (F0) in both groups at any occa-
sion (Fig. 2B). In agreement with our previous observations a great
spread of the amplitudes of the NMDA/Gly-inducible upstroke of
Ca2+ uptake (F/F0) in individual cells was observed [20]. The median
amplitude of NMDAR-mediated Ca2+ uptake at rest was lower in
athletes than in untrained controls, but increasing after the exer-
cise. In contrast to that, initially high Ca2+ uptake triggered by the
agonists of NMDARs in control group remained unaltered by the
exhaustive exercise (Fig. 2B).The number of NMDARs in mature erythrocytes detected form-
ing the medium density fraction in Percoll density gradient was
similar in athletes and untrained controls making 9.1 ± 2.7 (n = 10)
and 8.5 ± 4.2 (n = 8) receptors per cell respectively. Plasma gluta-
A. Makhro et al. / Cell Calcium 60 (2016) 235–244 239
Table  2
Amino acid levels in plasma of control subjects and athletes before (basal levels) and 30 min  after the exercise.
Essential amino acids are highlighted in bold. Highlighted in orange are the amino acids released into the circulation during the exercise whereas the amino acids depleted
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resented are the mean values in mol/L ±SD and the p values for the Student’s paire
n  brackets are the mean values for the amino acid concentrations corrected for hem
ate levels also did not differ between the groups (Table 2). Based
n all these ﬁndings one can suggest that the lower Ca2+ uptake by
he NMDARs of athletes and its increase upon exercise is a result of
ignaling processes controlling the receptor function.
The impact of the NMDARs on the regulation of intracellular
a2+ was assessed as free Ca2+ levels in RBC in both groups were
lotted against the number of NMDARs remaining active in plasma
easured using [3H]MK-801 binding (Fig. 2C). A weak but signiﬁ-
ant negative correlation was obtained between these parameters.
e  also evaluated how many of NMDARs remain active RBCs sus-
ended in autologous plasma. Out of 4–10 receptors per cell that
ere detected in the M fraction of RBCs of various subjects (see
bove) maximum 1–6 remain active in autologous plasma (Fig. 2D).
t was never the case that all receptors were found in active state
hen cells were plasma-borne.
.3. Oxygen afﬁnity of hemoglobin: effect of the NMDAR
timulation in athletes and untrained control subjects
We  have recently shown that stimulation of the erythro-
ytic NMDARs was associated with acute temporary decrease in
emoglobin oxygen afﬁnity [20]. Due to the technical difﬁculties,
e could not assess oxygen afﬁnity directly in RBC passing through
he muscle vascular beds. We  hence explored the changes in oxy-
en dissociation curves in RBCs of untrained control subjects and
thletes before and after the exercises in the absence or in the pres-
nce of saturating concentrations of the NMDAR agonists. When
lotted against the basal pseudo-steady state intracellular Ca2+ lev-
ls at rest, the P50 values obtained for the same conditions and
ame subjects followed a bell-shaped dependence (Fig. 3A). Non-
inear dependence of P50 from free intracellular Ca2+ was earlierst comparing the values before and after the exercise for each participant. Presented
centration (see text).
on conﬁrmed for hemoglobin solutions [20]. The “outlier” point for
RBCs with maximal intracellular Ca2+ levels associated with low
P50 levels was obtained for a male athlete participant presented
with the highest levels of post-exercise plasma glutamate levels
(41.8 vs 81.5 mol/L basal vs post-exercise values). Further analysis
revealed the lack of correlation between plasma glutamate levels
(both basal and post-exercise values) and P50 measured in RBCs
collected from the study participants at rest (supplementary Fig.
1).
In agreement with earlier reports of other groups, basal P50 lev-
els in cells of athletes at rest were signiﬁcantly higher than P50 of
untrained control subjects. Acute stimulation of the NMDARs in
RBC of non-trained subjects and athletes resulted in further up-
regulation of P50 in both groups. The difference in absolute P50
values between the cells of athletes and those of untrained con-
trols was maintained after the stimulation, giving rise to maximal
O2 release capacity in stimulated RBC of athletes (Fig. 3B).
3.4. Intracellular glutathione levels
Reduced (GSH) and oxidized (GSSG) glutathione levels were
measured in RBCs before and after the exercise (supplementary
Table 1). GSH levels slightly, but insigniﬁcantly decreased after
the exhaustive cycling bout in both groups (95.7 ± 2.9% of basal
values observed in non-trained controls and 97.6 ± 4.6% in ath-
letes). Intracellular GSSG showed a modest inverse increase to
104 ± 21% in control, and to 101 ± 16% in athletes. The limitation of
this ﬁnding is the delayed (12–24 h after collection) assessment of
redox state as blood samples. The measurements were performed
in RBC12–24 h after the collection. We  have estimated a decrease
in intracellular GSH to reach 36% of baseline levels within 24 h of
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Fig. 2. Cross-talk between the training bout, intracellular Ca2+ levels and activity of the NMDA receptor in RBCs of 12 non-trained controls and 13 athletes.
A:  basal intracellular Ca2+ levels in cells suspended in own plasma assessed by means of microﬂuoscence imaging (ﬂuo-4 AM)  in control subjects and athletes at baseline
(black  bars) and after (grey bars) the training. Values are mean ﬂuorescence intensity in arbitrary units. B: box plots show medians of maximal increase in Fluo-4 ﬂuorescence
intensity (F) triggered by the stimulation of RBC with saturating NMDA/Gly concentrations normalized to that in non-stimulated RBCs (F0) in athletes and non-trained
controls before (baseline) and after the exercise (post-training). Presented are medians (numbers within the boxes) of all cells (N) tested. Mann Whitney test was  used to
determine signiﬁcance of differences between the means or median values as the normality of distribution of the values was not conﬁrmed. ** denotes p < 0.01 *** stands for
p  > 0.001 when values before and after the training were compared. # and ### stand for p < 0.05 and 0.001 when comparing the corresponding values between the athletes
and  non-trained controls. NS stands for “not signiﬁcant”. C: intracellular Ca2+ in RBCs obtained before and after the exercise re-suspended in plasma supplemented with
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oint  represents a single measurement (N = 45) Linear regression correlation: R = 0
unction of total NMDAR availability in RBCs (N = 47).
imulated postage at room temperature (Makhro and Bodganova,
npublished observations). However, the relative differences in
SH levels are expected to be preserved. Furthermore, no differ-
nces between the groups as well as within the groups between the
onditions was observed in methemoglobin levels (supplementary
able 2).
.5. RBC lysis and shape changes in response to acute exercise
Exercise was associated with hemolysis and echinocytosys in
 out of 22 tested persons forming the “training-sensitive” group.
his was a mixed group consisting of 4 athletes and 4 untrained
ontrols. The examples of ghost formation and echinocytes’ appear-
nce after the exercise are exempliﬁed in Fig. 4A and B. Of note, the
2 subject showing particularly prominent post-exercise hemol-
sis is the “outlier” with maximal intracellular Ca2+ levels from
ig. 3A (see Section 3.3). Sensitivity of RBCs to training-related
tress was associated with higher basal plasma glutamate levels
Fig. 4C) although no correlation was found between speciﬁc shape
hanges (echinocytes or stomatocytes) and plasma glutamate lev-
ls. Plasma glutamate levels measured after the training were notf NMDARs per cell mature RBC fraction ((M) fraction) in all study participants. Each
, p = 0.00028. D: the inter-individual variability of NMDAR activity in plasma as a
signiﬁcantly different between the “sensitive” and “insensitive”
individuals.
A single training bout caused no increase in the amount of cells
in which phosphatidylserine was exposed to the outer membrane
leaﬂet (all numbers within 0.44–0.58% of total cell population as
measured by the annexinV binding test). The amount of CD71+ cells
was also unchanged by the training. Athletes, but no the untrained
controls showed a slight, but signiﬁcant increase in CD45+ cells
(0.37 ± 0.07% before vs 0.51 ± 0.08% of total cell population after
the training, p = 0.0061 in paired t-test). This was not the case in
untrained controls in which number of CD45+ cells equaled to
0.45 ± 0.11% of total population before and 0.50 ± 0.12% after the
training bout.
3.6. RBC rheology as a function of cycling boutRheology of RBC in whole blood of athletes and untrained con-
trols was monitored before and after the training bout. As shown in
Table 3, a single training episode was not altering cellular deforma-
bility in any of the groups. A Student’s paired t-test did not reveal
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Fig. 3. Oxygen afﬁnity of hemoglobin as a function of intracellular Ca2+ and the
NMDAR stimulation with the agonists. A: Oxygen partial pressure required for half-
saturation of hemoglobin (P50) as a function of intracellular Ca2+ in all subjects tested.
Each point represent one study participant (n = 15) B: basal P50 levels and the ones
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Table 3
Shear rate viscosity of RBC of untrained control subjects and athletes suspended
in  dextran solution before and after the exercise bout at baseline and after the
stimulation with NMDA/Gly.
Before training After training
Control Baseline 0.0186 ± 0.0102 0.0205 ± 0.016
NMDA/Gly 0.0230 ± 0.0236 0.0284 ± 0.0228
Athletes Baseline 0.0169 ± 0.0072 0.0190 ± 0.0084
V
a
t
4
g
RNMDA/Gly 0.0171 ± 0.0082 0.0289 ± 0.0186
alues are expressed in Pa. Data are means ± SD for 12 subjects in each group.
ny statistically signiﬁcant differences in viscosity before to after
he training and before vs after the NMDA/Gly stimulation.
. DiscussionThis is the ﬁrst study emphasizing the potential impact of sin-
le exercise and long-term training on Ca2+ movements across the
BC membrane and the pseudo-steady state free Ca2+ levels in them 60 (2016) 235–244 241
cells. The alterations in plasma glutamate occurring during a sin-
gle training bout were revealed. These changes were assessed in
venous blood. Although we could not directly conﬁrm the muscu-
lar origin of glutamate release, the local levels of plasma glutamate
could be even more prominent than those we have recorded within
this study. Increase in plasma glutamate could trigger stimulation
of NMDARs in RBC of exercising subjects causing transient Ca2+
uptake episodes. Increase in the intracellular Ca2+ in turn appears
to have an immediate impact on the hemoglobin oxygen afﬁnity,
but not on blood rheology or redox state. This study is not pow-
ered to draw any deﬁnitive conclusions on the association of high
plasma glutamate levels with shortening of the RBC life span in ath-
letes. However, the data obtained for the A2 subject as well as the
ﬁndings summarized in Fig. 4C suggest that it may  be the case.
4.1. Plasma glutamate alterations during the exercise
Alterations in plasma amino acids in our experimental settings
were not related to the food ingestion, as the study participants
were abstaining from the meal before and during the training
session were, thus, clearly exercise-induced. Increase in plasma
glutamate levels reﬂects the amino acid release or reduction in its
reabsorption by the peripheral organs, of which skeletal muscle is
the most abundant. Exercising muscle is commonly viewed as a
secretory organ capable to support optimal blood supply. Secreted
factors called “myokines” include proton equivalents, metabolites,
NO, and hundreds of peptides of which interleukin-6 and 10 are
most studied [30]. Further studies and novel fast in vivo moni-
toring techniqus are necessary to get direct evidence that amino
acids, in particular glutamate, may  be added to the myokines’ list.
Earlier on Rennie et al. [31] shed light to the multifaceted func-
tion of amino acid transporters in exercising striated muscles. It
remains unclear whether glutamate release we have observed was
mediated by a speciﬁc amino acids- or osmolyte transporter or
whether it occurred passively following the gradient from ∼4000
to 30 M between the muscle and the plasma compartments [32].
Glutamate transporters expressed in striated muscle cells include
excitatory amino acid transporter 1 EAAT1A3 also known as GLAST,
[33] and EAAT1A5 [34]. However these anionic amino acid trans-
porters are usually involved in Na+/K+/H+-coupled glutamate and
aspartate uptake into the myocytes rather than their release into
the circulation. Lactoacidosis, however, may  inverse the direction
of glutamate transport making it driven by the proton gradients.
4.2. Calcium levels and exercise
Several mechano-sensitive conductive pathways, one of which
is also responding to the changes in plasma glutamate levels, medi-
ate Ca2+ uptake by human RBC [17,18]. Both glutamate release and
shear stress are thus expected to add up in an acute increase in
the intracellular Ca2+ and transient dehydration [20]. Limitation of
the approach we used for testing of the impact of glutamate on
P50 is the lack of shear stress that would contribute to the mainte-
nance of Ca2+ at higher levels increasing the opening probability of
mechano-sensitive Ca2+ channels. Transient increase in the intra-
cellular Ca2+ following the NMDAR stimulation stimulates K+ loss
through the Gardos channel [18,20,35].
RBCs of athletes contain less free Ca2+ at rest than the cells
of untrained controls (Fig. 3A) and the activation of NMDARs in
them results in a lower amplitude of transient Ca2+ uptake than
in untrained subjects (Fig. 3B). However, exercises trigger facilita-
tion of the Ca2+ uptake via the NMDARs upon their stimulation
with agonists in RBCs of athletes (Fig. 2B). This suppression of
the Ca2+ uptake capacity by the NMDARs (NMDA-glycine-inducible
pathway) contributes to the lower intracellular Ca2+ levels in RBCs
observed before training but does not explain even further decrease
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Fig. 4. Representative bright ﬁeld images of RBC of 8 control non-trained subjects (panel A) and 8 athletes before and after the exercise (panel B). Ghosts and echinocytes
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tormed after the exercise are highlighted with arrows. C: plasma glutamate levels in b
 = 8) and insensitive (n = 14) to the exercise-induced stress before and after the ex
evels  in plasma of “sensitive” and “insensitive” groups at rest (basal).
n Ca2+ levels observed after the exercise was completed. Extrusion
f Ca2+ by the Ca2+ pump should be equally efﬁcient to quickly bring
he intracellular Ca2+ down after the training. Increase in activity
f the plasma membrane Ca2+ pump was reported earlier on as a
esult of limited proteolysis by Ca2+-sensitive protease -calpain
36]. Periodic activation of -calpain is most likely caused by Ca2+
scillations in RBCs during the regular exhaustive training sessions.
ffects of long-term regular training on the activity of Ca2+ pump
wait further investigation and are out of the scope of the present
tudy.
.3. Hemolysis and calcium
Ca2+ ions are known to be involved in regulation of the spectrin-
ctin interaction. Interaction of Ca-Calmodulin with the band 4.1R
rotein decreases afﬁnity of the latter to the docking proteins band
, glycophorin C and p55 destabilizing thereby RBC cytoskele-
al structure [37–39]. Long-term regular practicing of endurance
xercise may  in addition cause progressive cleavage of - and -
pectrins, ankyrin, and band 4.1 by calpain [40–42]. We  have not
bserved any morphological abnormalities in RBC of all partici-
ants at rest. However, 8 subjects out of 22 belonging to both
thletes and untrained control group responded to a single exercise
out with formation of ghosts (hemoglobin-free RBC membranes)
nd echinocytosis. Cycling-induced hemolysis was  not reported
efore according to our knowledge (e.g. [5]). Hemolytic events
re known to follow intensive physical exercises including skiing
43], swimming [6], and marathon running [44] and several other
port disciplines reviewed elsewhere [25]. Imitation of conditions
o which RBCs are exposed during the exercises (deoxygenationf participants found sensitive (showing hemolysis and morphological abnormalities,
. Mann Whitney test showed signiﬁcant difference between the plasma glutamate
and shear stress) ex vivo also resulted in induction of hemolysis
[45].
In our experimental settings enhanced susceptibility to hemol-
ysis and morphological alterations associated with exhaustive
exercises strongly correlated with the up-regulation in plasma
glutamate levels. This observation suggests the importance of
the erythroid NMDARs activity in sportive blood trauma. Cyclic
oscillations of intracellular Ca2+ in RBC in the course of regu-
lar training bouts may  be involved in progression of cell damage
associated with exhaustive exercises. In our experimental settings
this damage, however, did not correlate with an increase in phos-
phatidylserine exposure, as no difference was observed in both
basal and post-exercise levels of annexinV binding. We  also could
not detect any changes in reticulocyte counts as the percentage of
CD71+ cells did not differ between the athletes and non-trained
individuals at any occasion. Thus, the observed hemolysis induced
by a single cycling bout had no immediate effect on the RBC
turnover and could easily be overseen in the automated blood anal-
ysis settings.
4.4. Changes in hemoglobin oxygen afﬁnity
A rightward shift of the oxygen dissociation curve of people reg-
ularly practicing exhaustive exercises correlates with the higher
Bohr effect. This phenomenon is supposed to be related to the
higher ATP and 2,3-diphosphoglycerate in their RBC [46–49]. In
part, higher P50 values reported in athletes may  also be attributed to
the facilitated clearance of senescent cells and de novo RBC produc-
tion in these individuals rendering the RBC population “younger”
[7,50]. Young cells were shown to higher metabolic rates and higher
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,3-diphosphoglycerate and ATP levels and lower afﬁnity [51,52].
n addition to that reticulocytes and young RBCs are also charac-
erized by the higher abundance of NMDARs and a higher capacity
o increase Ca2+ levels upon their activation [20]. According to our
bservations Ca2+ uptake may  contribute to maintenance of low O2
fﬁnity of hemoglobin.
As follows from Fig. 2A, prolonged training is associated with
 decrease in the intracellular Ca2+ levels, although P50 remains
igh (Fig. 3B). Thus, the lower afﬁnity of hemoglobin to O2 in RBCs
thletes at rest is maintained by the factor(s) dominating over
a2+-driven regulation. Among these factors are intracellular pH,
TP, 2,3-diphosphoglycerate, and Cl− concentrations are the most
ell characterized [53]. Training affects most of these parameters
46–48]. At present we may  view Ca2+ as a short-term messenger
hat is capable to mediate fast reversible changes in P50 (Fig. 3B).
nfortunately, detection of P50 using Hemox analyzer cannot be
sed to accurately monitor the rate of changes in P50 induced by
a2+ uptake as the measurement takes several minutes for com-
letion. Indirect measurements of the shifts in the intracellular pH
aused by Ca2+ supplementation of hemoglobin solution show that
esponse may  be instantaneous in they are driven by the pH alter-
tions [20]. Of importance is the fact that responsiveness of P50 to
he activation of NMDARs occurs readily in both athletes and non-
rained control (Fig. 3B). As O2 afﬁnity of Hb in RBCs of athletes is
ower than that of untrained subject, the trained group proﬁts from
ecreasing it even further upon activation of NMDARs.
Contribution of amino acids to the regulation of O2 binding to
emoglobin has never been considered before. The attempts to
imic  the shifts in oxygen dissociation curve observed in vivo in
BC samples collected after the exercise failed [46]. Back in 1975
he authors suggested that decrease in O2 afﬁnity was  caused by
he presence of “rapidly decaying unknown substance” in plasma
f the exercising humans [46]. Inactivation of the NMDARs after
he stimulation with glutamate and/or the lack of glutamate and
lycine in the incubation medium could at least in part contribute
o this mysterious lack of reproducibility.
.5. The lack of effect of a single cycling bout on RBC rheology
Ca2+ uptake and the following activation of Gardos channels are
nvolved in transient dehydration which could be reversed within
inutes in RBCs o healthy human subjects [20]. In addition, shear
tress applied ex vivo was reported to induce RBC shrinkage, which
s Ca2+-independent and makes cells less deformable [54]. Being
ransient, these processes did not appear to cause a measurable
mpact into the gross RBC deformability in our experimental set-
ings.
.6. Study limitations and concluding remarks
This study was attempting to assess the possible effect of exer-
ise on the activity of erythroid NMDARs. Based on our ex vivo
tudies we knew that activation of NMDARs causes acute transient
ncrease in the intracellular Ca2+ associated with a transient shift in
50. The current study design did not allow to monitor these transi-
ory events in vivo. We  were bound to follow the receptor activity
n RBC and intracellular Ca2+ levels minutes to hours after blood
ollection. Blood plasma, on the contrary, was separated imme-
iately upon blood withdrawal and was accurately representing
mino acid levels before and right after the exercise. Acute effects
Ca2+ uptake by the NMDARs, GSH levels and P50) had to be imi-
ated by acute supplementation of NMDA and glycine to plasma or
lasma-like extracellular medium. Evaluation of the acute effects
f the NMDAR stimulation on the Ca2+ pump function in intact
BCs of the study participants also remained out of the scope of
his study. The obtained data emphasize the differences in Ca2+
[
[m 60 (2016) 235–244 243
handling by RBC of athletes and untrained people. They favor our
hypothesis and suggest that exercise-induced modulation of Ca2+
plays an important role in regulation of oxygen carrying capacity
and, in the long term, in deﬁning the life span of the circulating
RBCs.
Authors’ contribution
This study was designed by AB, AM,  LK and AH. AM,  TH, JW,
NB, PS, CW,  TM,  LK and AB performed the experiments, analysed
the data and prepared the ﬁgures. AB, AM,  LK, AH, CW and MG
contributed to the interpretation of the data and to the manuscript
preparation.
Conﬂict of interest
Co-authors have no conﬂict of interests to declare.
Acknowledgements
This study received funding from the European Union’s Seventh
Framework Programme for research, technological development
and demonstration under grant agreement No. 602121 (CoM-
MiTMenT) and the EU Framework Programme for Research and
Innovation Horizon 2020, Maria Curie Innovative Training Network
project under grant agreement No 675115 (RELEVANCE) to LK and
AB. TH and MG are supported by grants of the Swiss National Sci-
ence Foundation.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.ceca.2016.05.005.
References
[1] D.L. Costill, W.J. Fink, Plasma volume changes following exercise and thermal
dehydration, J. Appl. Physiol. 37 (1974) 521–525.
[2] M.A. Kolka, L.A. Stephenson, J.E. Wilkerson, Erythrocyte indices during a
competitive marathon, J. Appl. Physiol.: Respir. Environ. Exercise Physiol. 52
(1982) 168–172.
[3] W.  van Beaumont, S. Underkoﬂer, S. van Beaumont, Erythrocyte volume,
plasma volume, and acid-base changes in exercise and heat dehydration, J.
Appl. Physiol.: Respir. Environ. Exercise Physiol. 50 (1981) 1255–1262.
[4] G. Neumayr, R. Pﬁster, G. Mitterbauer, H. Gaenzer, M.  Joannidis, G. Eibl, H.
Hoertnagl, Short-term effects of prolonged strenuous endurance exercise on
the  level of haematocrit in amateur cyclists, Int. J. Sports Med. 23 (2002)
158–161.
[5] R.D. Telford, G.J. Sly, A.G. Hahn, R.B. Cunningham, C. Bryant, J.A. Smith,
Footstrike is the major cause of hemolysis during running, J. Appl. Physiol. 94
(2003) 38–42.
[6] G.B. Selby, E.R. Eichner, Endurance swimming, intravascular hemolysis,
anemia, and iron depletion. New perspective on athlete’s anemia, Am.  J. Med.
81 (1986) 791–794.
[7] W.  Schmidt, N.  Maassen, F. Trost, D. Boning, Training induced effects on blood
volume, erythrocyte turnover and haemoglobin oxygen binding properties,
Eur. J. Appl. Physiol. Occup. Physiol. 57 (1988) 490–498.
[8] O. Galy, O. Hue, A. Boussana, C. Peyreigne, J. Mercier, C. Prefaut, Blood
rheological responses to running and cycling: a potential effect on the arterial
hypoxemia of highly trained athletes? Int. J. Sports Med. 26 (2005) 9–15.
[9] M.I. Lindinger, S.P. Grudzien, Exercise-induced changes in plasma
composition increase erythrocyte Na+,K+-ATPase, but not Na+-K+-2Cl-
cotransporter, activity to stimulate net and unidirectional K+ transport in
humans, J. Physiol. 553 (2003) 987–997.
10] U.K. Senturk, F. Gunduz, O. Kuru, G. Kocer, Y.G. Ozkaya, A. Yesilkaya, M.
Bor-Kucukatay, M. Uyuklu, O. Yalcin, O.K. Baskurt, Exercise-induced oxidative
stress leads hemolysis in sedentary but not trained humans, J. Appl. Physiol.
99 (2005) 1434–1441.11] S.K. Powers, M.J. Jackson, Exercise-induced oxidative stress: cellular
mechanisms and impact on muscle force production, Physiol. Rev. 88 (2008)
1243–1276.
12] J.M. Rifkind, E. Nagababu, Hemoglobin redox reactions and red blood cell
aging, Antioxid. Redox Signal. 18 (2013) 2274–2283.
2 Calciu
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[53] H. Mairbaurl, R.E. Weber, Oxygen transport by hemoglobin, Compr. Physiol. 2
(2012) 1463–1489.44 A. Makhro et al. / Cell 
13] R.M. Johnson, K. Tang, Induction of a Ca(2+)-activated K+ channel in human
erythrocytes by mechanical stress, Biochim. Biophys. Acta 1107 (1992)
314–318.
14] P. Ulker, N. Yaras, O. Yalcin, C. Celik-Ozenci, P.C. Johnson, H.J. Meiselman, O.K.
Baskurt, Shear stress activation of nitric oxide synthase and increased nitric
oxide levels in human red blood cells, Nitric oxide: Biol. Chem./Off. J. Nitric
Oxide Soc. 24 (2011) 184–191.
15] J. Albuisson, S.E. Murthy, M.  Bandell, B. Coste, H. Louis-Dit-Picard, J. Mathur,
M.  Feneant-Thibault, G. Tertian, J.P. de Jaureguiberry, P.Y. Syfuss, S. Cahalan, L.
Garcon, F. Toutain, P. Simon Rohrlich, J. Delaunay, V. Picard, X. Jeunemaitre, A.
Patapoutian, Dehydrated hereditary stomatocytosis linked to
gain-of-function mutations in mechanically activated PIEZO1 ion channels,
Nat. Commun. 4 (1884) (2013).
16] E. Cinar, S. Zhou, J. DeCourcey, Y. Wang, R.E. Waugh, J. Wan, Piezo1 regulates
mechanotransductive release of ATP from human RBCs, Proc. Natl. Acad. Sci.
U.  S. A. 112 (2015) 11783–11788.
17] S.M. Cahalan, V. Lukacs, S.S. Ranade, S. Chien, M.  Bandell, A. Patapoutian,
Piezo1 links mechanical forces to red blood cell volume, Elife 4 (2015).
18] P. Hänggi, A. Makhro, M.  Gassmann, M.  Schmugge, J.S. Goede, O. Speer, A.
Bogdanova, Red blood cells of sickle cell disease patients exhibit abnormally
high abundance of N-methyl S-aspartate receptors mediating excessive
calcium uptake, Br. J. Haematol. 167 (2014) 252–264.
19] S.A. Lipton, Y.B. Choi, H. Takahashi, D. Zhang, W.  Li, A. Godzik, L.A. Bankston,
Cysteine regulation of protein function—as exempliﬁed by NMDA-receptor
modulation, Trends Neurosci. 25 (2002) 474–480.
20] A. Makhro, P. Hanggi, J.S. Goede, J. Wang, A. Bruggemann, M. Gassmann, M.
Schmugge, L. Kaestner, O. Speer, A. Bogdanova, N-methyl D-aspartate
(NMDA) receptors in human erythroid precursor cells and in circulating red
blood cells contribute to the intracellular calcium regulation, Am.  J. Physiol.
Cell Physiol. 305 (2013) C1123–C1138.
21] E.P. Rutten, M.P. Engelen, A.M. Schols, N.E. Deutz, Skeletal muscle glutamate
metabolism in health and disease: state of the art, Curr. Opin. Clin. Nutr.
Metab. Care 8 (2005) 41–51.
22] A. George, S. Pushkaran, D.G. Konstantinidis, S. Koochaki, P. Malik, N.
Mohandas, Y. Zheng, C.H. Joiner, T.A. Kalfa, Erythrocyte NADPH oxidase
activity modulated by Rac GTPases, PKC, and plasma cytokines contributes to
oxidative stress in sickle cell disease, Blood 121 (2013) 2099–2107.
23] A. Makhro, J. Wang, J. Vogel, A.A. Boldyrev, M.  Gassmann, L. Kaestner, A.
Bogdanova, Functional NMDA receptors in rat erythrocytes, Am.  J. Physiol.
Cell Physiol. 298 (2010) C1315–1325.
24] A. Bogdanova, A. Makhro, J. Wang, P. Lipp, L. Kaestner, Calcium in red blood
cells—a perilous balance, Int. J. Mol. Sci. 14 (2013) 9848–9872.
25] H. Mairbaurl, Red blood cells in sports: effects of exercise and training on
oxygen supply by red blood cells, Front. Physiol. 4 (2013) 332.
26] L. Kaestner, W.  Tabellion, E. Weiss, I. Bernhardt, P. Lipp, Calcium imaging of
individual erythrocytes: problems and approaches, Cell Calcium 39 (2006)
13–19.
27] L. Wagner-Britz, J. Wang, L. Kaestner, I. Bernhardt, Protein kinase Calpha and
P-type Ca channel CaV2.1 in red blood cell calcium signalling, Cell. Physiol.
Biochem. 31 (2013) 883–891.
28] J. Wang, L. Wagner-Britz, A. Bogdanova, S. Ruppenthal, K. Wiesen, E. Kaiser, Q.
Tian, E. Krause, I. Bernhardt, P. Lipp, S.E. Philipp, L. Kaestner, Morphologically
homogeneous red blood cells present a heterogeneous response to hormonal
stimulation, PLoS One 8 (2013) e67697.
29] M.  Brust, O. Aouane, M.  Thiebaud, D. Flormann, C. Verdier, L. Kaestner, M.W.
Laschke, H. Selmi, A. Benyoussef, T. Podgorski, G. Coupier, C. Misbah, C.
Wagner, The plasma protein ﬁbrinogen stabilizes clusters of red blood cells in
microcapillary ﬂows, Sci. Rep. 4 (2014) 4348.
30] B.K. Pedersen, Muscle as a secretory organ, Compr. Physiol. 3 (2013)
1337–1362.
31] M.J. Rennie, S.Y. Low, P.M. Taylor, S.E. Khogali, P.C. Yao, A. Ahmed, Amino acid
transport during muscle contraction and its relevance to exercise, Adv. Exp.
Med. Biol. 441 (1998) 299–305.
32] J.C. Divino Filho, S.J. Hazel, P. Furst, J. Bergstrom, K. Hall, Glutamate
concentration in plasma, erythrocyte and muscle in relation to plasma levels
of insulin-like growth factor (IGF)-I IGF binding protein-1 and insulin in
patients on haemodialysis, J. Endocrinol. 156 (1998) 519–527.
33] Y. Kanai, B. Clemencon, A. Simonin, M.  Leuenberger, M.  Lochner, M.
Weisstanner, M.A. Hediger, The SLC1 high-afﬁnity glutamate and neutral
amino acid transporter family, Mol. Aspects Med. 34 (2013) 108–120.
[m 60 (2016) 235–244
34] A. Lee, A.R. Anderson, M.  Stevens, S. Beasley, N.L. Barnett, D.V. Pow, Excitatory
amino acid transporter 5 is widely expressed in peripheral tissues, Eur. J.
Histochem.: EJH 57 (2013) e11.
35] P. Hanggi, V. Telezhkin, P.J. Kemp, M.  Schmugge, M.  Gassmann, J.S. Goede, O.
Speer, A. Bogdanova, Functional plasticity of the N-methyl-D-aspartate
receptor in differentiating human erythroid precursor cells, Am. J. Physiol.
Cell Physiol. 308 (12) (2015) C993–C1007.
36] K.K. Wang, A. Villalobo, B.D. Roufogalis, Activation of the Ca2+-ATPase of
human erythrocyte membrane by an endogenous Ca2+-dependent neutral
protease, Arch. Biochem. Biophys. 260 (1988) 696–704.
37] T. Tanaka, K. Kadowaki, E. Lazarides, K. Sobue, Ca2(+)-dependent regulation of
the spectrin/actin interaction by calmodulin and protein 4.1, J. Biol. Chem.
266 (1991) 1134–1140.
38] P.A. Kuhlman, C.A. Hughes, V. Bennett, V.M. Fowler, A new function for
adducin. Calcium/calmodulin-regulated capping of the barbed ends of actin
ﬁlaments, J. Biol. Chem. 271 (1996) 7986–7991.
39] W.  Nunomura, D. Sasakura, K. Shiba, S. Nakamura, S. Kidokoro, Y. Takakuwa,
Structural stabilization of protein 4.1R FERM domain upon binding to
apo-calmodulin: novel insights into the biological signiﬁcance of the
calcium-independent binding of calmodulin to protein 4.1R, Biochem. J. 440
(2011) 367–374.
40] D.E. Croall, J.S. Morrow, G.N. DeMartino, Limited proteolysis of the
erythrocyte membrane skeleton by calcium-dependent proteinases, Biochim.
Biophys. Acta 882 (1986) 287–296.
41] P. Boivin, C. Galand, D. Dhermy, In vitro digestion of spectrin, protein 4.1 and
ankyrin by erythrocyte calcium dependent neutral protease (calpain I), Int. J.
Biochem. 22 (1990) 1479–1489.
42] E. Melloni, F. Salamino, B. Sparatore, M.  Michetti, S. Pontremoli,
Characterization of the single peptide generated from the amino-terminus
end of alpha- and beta-hemoglobin chains by the Ca2+-dependent neutral
proteinase, Biochim. Biophys. Acta 788 (1984) 11–16.
43] D.R. Gilligan, M.D. Altschule, E.M. Katersky, Physiological intravascular
hemolysis of exercise. Hemoglobinemia and hemoglobinuria following
cross-country runs, J. Clin. Invest. 22 (1943) 859–869.
44] A. Yusof, R.M. Leithauser, H.J. Roth, H. Finkernagel, M.T. Wilson, R. Beneke,
Exercise-induced hemolysis is caused by protein modiﬁcation and most
evident during the early phase of an ultraendurance race, J. Appl. Physiol. 102
(2007) 582–586.
45] H. Mairbaurl, F.A. Ruppe, P. Bartsch, Role of hemolysis in red cell adenosine
triphosphate release in simulated exercise conditions in vitro, Med. Sci.
Sports Exercise 45 (2013) 1941–1947.
46] D. Boning, U. Schwiegart, U. Tibes, B. Hemmer, Inﬂuences of exercise and
endurance training on the oxygen dissociation curve of blood under in vivo
and  in vitro conditions, Eur. J. Appl. Physiol. Occup. Physiol. 34 (1975) 1–10.
47] K.M. Braumann, D. Boning, F. Trost, Bohr effect and slope of the oxygen
dissociation curve after physical training, J. Appl. Physiol. Respir. Environ.
Exercise Physiol. 52 (1982) 1524–1529.
48] H. Mairbaurl, E. Humpeler, G. Schwaberger, H. Pessenhofer,
Training-dependent changes of red cell density and erythrocytic oxygen
transport, J. Appl. Physiol. Respir. Environ. Exercise Physiol. 55 (1983)
1403–1407.
49] H. Mairbaurl, W.  Schobersberger, W.  Hasibeder, G. Schwaberger, G. Gaesser,
K.R. Tanaka, Regulation of red cell 2,3-DPG and Hb-O2-afﬁnity during acute
exercise, Eur. J. Appl. Physiol. Occup. Physiol. 55 (1986) 174–180.
50] U.A. Brodthagen, K.N. Hansen, J.B. Knudsen, R. Jordal, O. Kristensen, P.E.
Paulev, Red cell 2,3-DPG, ATP, and mean cell volume in highly trained
athletes. Effect of long-term submaximal exercise, Eur. J. Appl. Physiol. Occup.
Physiol. 53 (1985) 334–338.
51] S. Haidas, D. Labie, J.C. Kaplan, 2,3-diphosphoglycerate content and oxygen
afﬁnity as a function of red cell age in normal individuals, Blood 38 (1971)
463–467.
52] A. Opalinski, E. Beutler, Creatine, 2, 3-diphosphoglycerate and anemia, N.
Engl. J. Med. 285 (1971) 483–486.54] P.A. Ney, M.M. Christopher, R.P. Hebbel, Synergistic effects of oxidation and
deformation on erythrocyte monovalent cation leak, Blood 75 (1990)
1192–1198.
